Random amplified polymorphic DNA (RAPD) markers are used widely to develop high resolution genetic maps and for genome fingerprinting. Typically, single oligomers of~10 nucleotides are used to PCR amplify characteristic RAPD marker fragments. We describe an efficient method for the direct endsequencing of gel-purified RAPD fragments using one primer from a set of four 3'-terminal extended (A, T, C or G) oligonucleotides, identical to the RAPD primer but for the single nucleotide extension. Strandspecific DNA sequence could be independently read from each of the RAPD fragments without recourse to strand separation or fragment cloning. Informative RAPD fragments could be readily converted into mapped STS or SCAR loci using this technology. The 3'-extended primers may also be used to amplify independent genomic RAPD markers.
INTRODUCTION
In population biology, both directed and non-directed techniques are used for the identification of the genetic source of variation and the genetic locus of disease or quality traits (1) . The 'non-directed' approaches use random genome scanning methods initially to generate polymorphic genetic map markers which then can be linked to traits of interest. The conversion of mapped random markers into sequence-characterised loci necessitates the isolation of the marker DNA fragment and the determination of its DNA sequence. This often involves the cloning of the DNA fragment.
Random amplified polymorphic DNA (RAPD) markers are a non-directed approach in which polymorphic PCR products are amplified from genomic templates using monomer oligonucleotide primers, typically of 10 nt in length (2) (3) (4) (5) (6) (7) (8) (9) . Because of the ease of application of RAPDs without prior sequence information, the technique is used widely in organisms for which other genetic markers have not been developed, both for genome fingerprinting (2, 3) and to develop high resolution genetic maps (3, 9) . It is desirable to develop RAPD methodology because of its versatility, as the ready detection of informative loci in all species underpins the universality of the technology. RAPDs are polymorphic due to the presence or absence of inherited allelic genomic loci for primer annealing and subsequent PCR amplification; however, the dominant inheritance of RAPD markers limits the ease of transferring marker information between mapping families, or across species. One approach that aids the integration of RAPD genetic maps is the development of key marker loci into 'sequence characterised amplified region' (SCAR) markers, or into STS loci (6) (7) (8) . The creation of SCAR markers involves determining the DNA sequence of target RAPD fragments. Canonical SCAR markers are the products of two long PCR primers to a unique defined genomic locus, similar to STS markers, and thus identify the same genetic locus in different mapping populations. However, the effectiveness of SCAR marker methods are in part dependent on reducing the cost of obtaining the DNA sequence of the original RAPD markers.
We report here the development of a fast and convenient method for DNA sequencing of polymorphic RAPD bands that utilises the prior sequence knowledge of a nonamer RAPD amplification primer, but which does not need RAPD fragment cloning or DNA strand separation. The technique uses the likelihood that the different nucleotides occur immediately internal to the two primer specified terminals in three out of four RAPD fragments amplified from genomic loci. We have used a set of decamer oligonucleotides that extend the nonamer sequence by a single base at the 3'-terminus (A, T, C or G), as independent sequencing primers for each RAPD strand. Employing cycle-sequencing dye-terminator chemistry and automated four colour sequencing, each strand of the nonamerprimed duplex RAPD fragments may be sequenced directly using the 3'-terminal selective primers which distinguish one strand from the other. For convenience we have called the method and such primers 'direct oligonucleotide extension sequencing' (DOES) and DOES primers respectively. RAPD fragments isolated from an agarose gel are sufficiently pure to be sequenced directly. The 3'-extended primers may also be independently employed as mapping primers.
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MATERIALS AND METHODS
Deoxyribonucleotide triphosphates were from Pharmacia, and oligonucleotides were from Gibco-Life Technologies Ltd. Agarose gel isolated RAPD fragments were purified using the GeneClean kit from BIO 101, Inc. The ABI PRISM BigDye Terminator Cycle Sequencing Ready Reaction kit, the ABI PRISM dRhodamine Terminator Reaction Ready Mixture and Taq DNA polymerase [FS] and Taq DNA polymerase were from Perkin-Elmer Corp. Genomic DNA was isolated from eucalyptus and Radiata pine (see supplementary material).
RAPD amplifications
RAPD amplification reactions (2) using nonamer and decamer oligonucleotides were performed in 96-well, u-bottom PVC plates from Becton Dickinson Corp. on an MJ Research PTC-100 thermal cycler with cycling conditions of 94°C for 1 min, 40°C for 1 min and 72°C for 1 min for 35 cycles, which ensures Taq DNA polymerase extension from fully annealed primer-template duplex (10) . Typically, RAPD amplifications were performed with 425 pg/µl genomic DNA and 400 nM of primer, 3.5 mM magnesium chloride and 300 mU Taq DNA polymerase. For multiplex RAPD amplification, equal amounts of two 3'-extension primers were used in a total concentration of 400 nM. Primaryamplification RAPD products were separated in 2% agarose Tris-acetate-EDTA gels, and a small amount of selected RAPD fragment was collected by gel puncture using a micropipette tip which was then rinsed into 20 µl of ddH 2 O. The RAPD fragment was re-amplified using RAPD fragment rinse (3.0 µl) and identical primer and PCR conditions as the primary amplification reaction. The re-amplified RAPD fragments were also agarose gel purified and excised by scalpel, and the DNA purified using the BIO 101 GeneClean kit. The purified secondary RAPD fragments were dissolved in double-distilled H 2 O then used for direct cycle sequencing.
Direct 3'-extension primer DNA sequencing
RAPD DNA fragments (typically 50 ng, or other as described in the text) were mixed with 3.2 pmol of decamer 3'-extended primer and were cycle sequenced using volumes and protocols as recommended by the manufacturer using either the ABI PRISM BigDye Terminator Reaction Ready Mixture or the ABI PRISM dRhodamine Terminator Reaction Ready Mixture (Applied Biosystems Inc., protocols: part nos. 903526 and 4303237 respectively), and Taq DNA polymerase [FS] . Typically, primers were annealed to denatured RAPD template at 40°C and were cycle sequenced using the procedure: step 1, heat to 96°C for 30 s; step 2, thermal ramp to 40°C for 15 s; step 3, thermal ramp to 60°C for 4 min; steps 1-3 were repeated for a total of 37 cycles; and finally step 4, thermal ramp to 4°C and hold. Variations in cycle sequencing temperatures, duration of a thermal step or alteration in the concentration of template DNAs were as indicated in the text. Unincorporated dye terminators were removed by ethanol precipitation with 0.46 M sodium acetate, pH 5.2. Sequencing was performed on an ABI model 377 DNA sequencer (Perkin-Elmer Corp.). Sequence data was analysed by the Genetics Computer Group Inc., Wisconsin Package sequence analysis program (version 7.0). Genetic linkage mapping of RAPD markers was performed using MAPMAKER/EXP 3.0. (11).
RESULTS AND DISCUSSION

DOES 3'-extension primer sequencing
The DOES technique utilises the likelihood that the different nucleotides occur immediately internal to the two primer specified terminals ( Fig. 1 ). Examples of a 9mer RAPD amplification primer ( Fig. 1a) and a related-sequence 3'-extended 10mer DOES sequencing primer (Fig. 1b) and their fully complementary genomic annealing site locus ( Fig. 1d ) demonstrate the principle. One (as shown) of the four possible DOES primers of each set (A, T, C or G at the 3'-terminus) will independently prime direct sequencing of one strand of a RAPD fragment, while another DOES primer from the set will prime sequencing of the complementary RAPD fragment strand in an independent reaction. Figure 2 shows the DNA sequence (691 nt, three ambiguities) of a 0.85 kb RAPD fragment read using a direct 3'-extended decamer primer (DOES-C). Comparable quality of sequence, with high concordance to plasmid cloned RAPD, could be read from both free RAPD strands (see Fig. S1 of supplementary material), which unambiguously characterise the polymorphic RAPD marker as an STS locus. The DOES sequence reads were adequate for determination of the inner terminal sequence of fragments with runs typically of 300-400 nt or longer before signal strength decreased.
Further 3'-extension primer sequencing
RAPD fragments, which were not amenable to DOES sequencing because both terminal sequences were the same, could be sequenced by use of an additional set of four decamer extension primers in which the sequencing primer is 3'-extended by two nucleotide bases from the sequence of the original nonameramplification primer (Fig. 1c) . These sets of primers, called 'further oligonuclotide extension sequencing' (FOES) primers, also share the common sequence motif with the 9mer over its last eight nucleotide bases from the 5'-terminal, and then vary for the last two 3'-terminal nucleotides. FOES sequence data (see Fig. S2 of supplementary material) also agreed with sequence from cloned RAPD fragment, and confirmed that some RAPDs could not be read using DOES primers because of the shared 3'-nucleotides at the template annealing loci. Thus, an appropriate repertoire of oligonucleotides capable of DOES and FOES sequencing could allow RAPD fragments of interest to be efficiently sequenced, directly, without recourse to cloning of the RAPD fragment. 
DOES cycle sequencing conditions
The length of 'good' DOES sequence read (strong consistent base calling, with less than five Ns in a 100 base window, or until three Ns in a row) was compared under different DOES reaction conditions with several RAPD fragments (see Fig. S3 of supplementary material). Approximately 13 and eight different RAPD fragments (0.7-1.3 kb) from eucalyptus and pine respectively, were sequenced using 10 sets of DOES primers and two sets of FOES primers. Data is presented as a percentage for each 'class' of sequencing conditions and only indicate trends, as not all RAPD fragments were tested under all experimental conditions. There is a trend for longer sequence reads at annealing temperatures of 40-42°C, than at lower or higher temperatures (see Fig. S3A of supplementary material) . The discrimination provided by the correct 3'-terminal nucleotide extension is sufficient for efficient formation of fully annealed duplex at the 5'-terminus of one of the two template strands, and high quality DNA sequence could be read using DOES primers that 3'-terminate in either T, A, C or G (not shown). The 25-27 extension cycles used typically for sequencing plasmid template (see supplementary material) was occasionally inadequate for direct sequencing of linear DNA fragments with decamer primers, and higher quality, longer reads were obtained with 37 cycles (see Fig. S3B of supplementary material) . The duration of the primer annealing step also influenced the length of read and longer, high quality reads were obtained with 45 s annealing compared to 15 s. High quality sequence was obtained over a wide range of template (0.3-15 pmol), with better quality, longer reads at 0.3-2 pmol template at both 35 and 40°C (see Fig. S3C of supplementary material) .
Overall, the factors affecting the quality of DOES sequence reads are a combination of annealing temperature and the number of amplification cycles and, to a lesser extent, template concentration. Sequencing primer concentration was not varied, suggesting an excess of primer in the primer-template ratio of 1-6 is preferred. These combined trends suggest that sufficient template is available for sequence extension at 0.3-3 pmol, and that~30-35 cycles should be adequate. Cycle sequencing is a linear PCR amplification and if template is limiting (<0.5 pmol), longer high-quality sequence may be obtained by increasing the number of amplification cycles. Although only well separated and abundant RAPD fragments were tested, poor or unreadable DOES sequence was often obtained with primary RAPD templates which were gel purified only once (not shown). Presumably this primary template was less pure than re-amplified and re-purified RAPD fragment, and a small amount of contaminant RAPD can result in poor or unreadable sequences. We recommend two rounds of RAPD amplification and gel purification to ensure adequate amounts of clean template for direct DNA sequencing. Further rounds of amplification and gel purification did not improve DOES sequencing (not shown). e28 Nucleic Acids Research, 1999, Vol. 27, No. 19 iv We typically employed 40°C for primer annealing during DOES sequencing of RAPD fragments which allows Taq DNA polymerase [FS] catalysed cycle sequencing with fluorescentdideoxy terminator chemistry to be used, and obtained runs usually from 400 to 600 bases using polyacrylamide gel-based ABI equipment. One likely limitation of DOES sequencing would be the discrimination of Taq DNA polymerase [FS] between correct fully annealed decamer primer and a 3'-terminus mismatched primer that is transiently annealed to the opposite strand of the RAPD template. Primer annealing at 40°C was more efficient compared to that at 35°C (Table 1) suggesting better thermal discrimination between fully annealed primers and mismatched primers (10) , resulting in a slightly greater average length of reads because of a stronger signal over greater length. Some comparable reactions undertaken with annealing at 42°C failed more frequently than at 40°C, possibly reflecting greater instability of the 3'-terminal nucleotide at the end of the 10 bp base stack at the higher temperature.
Sequencing with short oligonucleotides
Our observations that single decamer oligomers may be used for direct priming of DNA sequencing agree with earlier reports of the direct sequencing of the terminal regions of purified DNA of low complexity such as cosmid and plasmids inserts, and genome walking of cloned genes using octamer (12, 13) to decamer primers (14, 15) . Although such sequence extension was initially performed using T7 DNA polymerase (Sequenase) at 0-4°C for primer annealing and 4-20°C for chain termination (14, 15) , cycle sequencing with thermostable polymerase and elevated temperature was also reported recently (12, 13) . Cycle sequencing using octamer primers was <50% successful, in contrast with the higher success reported here with decamer primers and uncloned genomic-amplified RAPD fragments. Notably, DNA sequencing using short oligonucleotide primers (12-18) was achieved using highly purified unique templates, such as single-and double-strand plasmids, or cloned inserts with different terminal sequences to facilitate unique primer annealing at each terminus. Although schemes using primers with two 3'-selective nucleotides have also been reported (16, 17) , long poly T annealing tracts were introduced to the 5'-ends of the selective primers to aid stable annealing to poly A extended template.
Several other methods for direct sequencing of gel purified DNA fragments with abitrary primers have also been reported (4, 5, (19) (20) (21) (22) (23) (24) (25) . RAPDs amplified with pairs of short primers (4, 5) may generate fragments with different terminal sequences, which facilitates annealing of unique primers for sequencing.
Direct sequencing of the differential display RT-PCR fragments without cloning has also been achieved using both short (10mer and 11mer) targeted 'upstream' and 'downstream' amplification primers following three rounds of amplification, gel purification and asymmetric PCR (19) , and with 10mer arbitrary primers following two rounds of gel purification and PCR amplification with the arbitrary 'upstream'primers and longer 'downstream' amplification primers (20) . Other reports describe direct sequencing of differential display RT-PCR fragments with longer nested primers, partially complementary to the abitrary 'upstream' amplification primer (21) (22) (23) , with primers complementary to plasmid sequences following ligation into a vector (24) and following serial asymmetric PCR amplification and gel purification steps (25) . In each of these methods, the PCR products possess different terminal sequences that facilitate direct DNA sequence determination, and thus differ markedly from the scheme for direct sequencing of RAPD fragments generated with a single short arbitrary primer and purified with a single additional round of re-amplification and elution from a gel.
Advantages of DOES sequencing
DOES sequencing can provide an alternative to the classical method of cloning of RAPD fragments prior to sequence determination, which could allow a large number of informative RAPD fragments to be converted readily into mapped STS or SCAR loci. Typically, the creation of SCAR markers (6) (7) (8) involves the isolation of a particular RAPD fragment, cloning, clone analysis and sequencing of selected plasmids, which is both time consuming and expensive. Both the DOES sequencing and SCAR cloning procedures share many initial steps, including the re-amplification of an excised RAPD fragment to ensure purity, fragment sizing and re-purification by gel electrophoresis, which are simple and quick to perform. We obtained good DNA sequence using the DOES method with hands-on time of 30 h or less, while confirmatory sequence from cloned RAPD fragments required hands-on time of 70 h or more, because cloning into A/T overhang plasmids and tests to identify the correct clones are slow. While the DOES sequencing method demands relatively pure RAPD fragments, this limitation also applies to RAPD cloning, as the purity of the RAPD markedly affects the efficiency of obtaining consistent sequence data from replicate clones.
Construction of genetic linkage maps using polymorphic DOES markers
The high stringency priming RAPD reactions employed in our laboratory and the discrimination afforded by the 3'-terminal nucleotide permits the use of decamer DOES primers as a set of conventional primers for amplification of polymorphic RAPD marker fragments. Distinct patterns of RAPD fragments are amplified despite the 3'-extended primers sharing nine bases of common sequence with each other (and with a nonamer primer) and differing only at the 3' nucleotide (see Fig. S4 of supplementary material). Both sequence-related DOES and FOES oligonucleotides and conventional decamer oligonucleotides with sequences unrelated to the DOES primers, can generate polymorphic RAPD markers which may be used together to construct linkage maps (11) , as represented by the three linkage groups shown in Figure 3 . The markers amplified using both related-sequence DOES and FOES oligonucleotides (prefix P) v and unrelated-sequence oligonucleotide kits (prefix F) act as independent genetic markers that map to discrete genomic loci that are distributed on all linkage groups. These mapped loci may subsequently be converted into STS loci, by sequencing of the RAPD marker fragments using appropriate sets of DOES and FOES primers. The provision of a set of DOES and FOES oligonucleotides which could be used both for genetic analysis and for direct-sequencing of RAPD fragments of interest would constitute a cost effective tool for a large scale program of STS sequencing. RAPD screening has been employed to identify clones of a bacterial artificial chromosome (BAC) library, and hybridisation of the RAPD fragments to BAC clones used to identify contigs (9) . Hybridisation of RAPDs to co-identify genomic loci in restricted BAC clones has limitations, as homologous BACs are not identified by confirmatory DNA sequence data. A recently reported improved high throughput procedure for BAC template production (26) could be readily adapted, with additional RAPD fingerprint screening for contig assembly and confirmation by DOES sequencing of the RAPD products. One of the advantages of the sequence data obtained through STS mapping of cloned genomic resources (1) is the ability to link such physical mapping data directly through sequence data, to parallel STS data obtained from family and population studies of the same organism (27) . DOES sequencing permits the direct sequencing of RAPD fragments obtained by PCRamplification from both mapping populations and from a screen of cloned genome libraries, and thus would provide direct STS sequence data efficiently which could link both physical maps and family-derived maps related to trait inheritance, while avoiding the necessity for hybridisation mapping. RAPD markers, being distributed throughout the genome, are also advantageous in some inbred populations being both more polymorphic and more convenient than simple repeat (SSR) markers (28) .
